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Departments of Human Retrovirology1 and Pediatric Oncology,2 Academic Medical Center,
University of Amsterdam, Amsterdam, The Netherlands

Received 18 September 1998/Accepted 30 November 1998

Of the numerous endogenous retroviral elements that are present in the human genome, the abundant
HERV-K family is distinct because several members are transcriptionally active and coding for biologically
active proteins. A detailed phylogeny of the HERV-K family based on the partial sequence of the reverse
transcriptase (RT) gene revealed a high incidence of an intact RT open reading frame within the HML-2
subgroup of HERV-K elements. In this study, we report the cloning of six full-length HML-2 RT genes, of which
five contain an uninterrupted open reading frame. The RT enzymes were expressed as glutathione S-trans-
ferase fusion proteins in Escherichia coli, and several HERV-K RT enzymes demonstrated polymerase as well
as RNase H activity. Several biochemical properties of the RT polymerase were analyzed, including the
template requirements and optimal reaction conditions (temperature, type of divalent cation). Inspection of
the nucleotide sequence of the HERV-K RT genes demonstrated a mosaic structure, suggesting that a high level
of genetic recombination has occurred in this virus family, which is a hallmark of replication by means of
reverse transcription. The selective pressure to maintain the RT coding potential is illustrated by the sequence
of a particular HERV-K isolate that contains three 1-nucleotide deletions within a small RT segment, thus
maintaining the open reading frame. These combined results may suggest that these endogenous RT enzymes
still have a biological function. It is possible that the RT activity was involved in the spread of this major class
of retroelements by retrotransposition, and in fact it cannot be excluded that this retrovirus group is still
mobile. The endogenous RT activity may also have been involved in the shaping of the human genome, e.g., by
formation of pseudogenes.

An intrinsic property of the retroviral replication cycle is the
insertion of the reverse-transcribed viral genome into a chro-
mosome of the host cell. Infections of germ line cells by exog-
enous retroviruses will lead to the stable introduction of new
genetic information that is transmitted vertically to the off-
spring. Such endogenous retroviruses inhabit the genomes of
all eukaryotes, indicating that such infections have occurred
multiple times. Alternatively, retroviral elements that became
endogenous may have remained biologically active, causing
intracellular spread by retrotransposition after the initial in-
fection. Over time, multiple infections and/or reiterative
rounds of intracellular transposition can lead to significant
expansion of these viral elements in the host genome. The
human genome contains a variety of ancient endogenous ret-
roviruses (52). Sequence studies imply that most of these ele-
ments are of considerable antiquity, as exemplified by their
coding sequences, which are usually riddled with mutations,
including deletions and in-frame stop codons (5). Neverthe-
less, the presence of such proviruses might have a variety of
effects on the host. Detrimental effects can be caused by ex-
pression of viral transcripts or by insertional inactivation of
important host genes. On the other hand, endogenous retro-
viruses may be beneficial for the host, e.g., by providing resis-
tance to infection by related exogenous viruses (3). These
mechanisms include using the Env protein of an endogenous
virus to block the receptor for an exogenous virus (the mouse
Fv4 gene), using the Gag protein to inhibit at the postentry

level (the Fv1 gene), and using a virus-encoded protein with
superantigen activity to specifically deplete cells that are the
target for an exogenous virus (the sag genes) (44). Further-
more, these potentially mobile genetic elements may play a
role in the evolution of the host genome by integration, re-
combination, duplication, and transposition events. In this
study, we report the cloning and identification of an enzymat-
ically active reverse transcriptase (RT) enzyme encoded by a
human endogenous retrovirus of the HERV-K family.

The human endogenous retroviruses of the so-called
HERV-K family (36) come closest to being biologically active.
This element is relatively abundant, with at least 59 copies per
haploid genome (33, 36, 53, 55). Cross-hybridization studies
initially revealed nine subgroups (14). More recently, six sub-
groups (HML-1 to HML-6) were described with a nucleotide
sequence dissimilarity of approximately 25% for a 244-bp frag-
ment of the RT gene (33), and this phylogeny could be con-
firmed for a larger RT fragment (55). Although the HERV-K
element was first introduced into the human germ line more
than 25 million years ago, as judged from its distribution in
different primates (28, 32), several members contain a com-
plete genome with long terminal repeats and open reading
frames encoding Gag, Pol, and Env proteins (25) and three
chromosomes are candidates for harboring a completely intact
HERV-K locus (30, 31). The idea that this virus group may still
be biologically active is further supported by the finding that
several HERV-K elements are transcriptionally active (1, 34).
Perhaps more important, specific enzymatic activities have
been reported for the HERV-K dUTPase, protease, and en-
donuclease (15, 20, 45), and we now report data for the two
remaining enzymatic activities, that of the RT polymerase and
its RNase H domain. RT enzyme activity has been found in a
variety of HERV-K-containing biological samples. Viral par-
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ticles containing an active RT enzyme have been detected in
normal placenta, platelets from patients with thrombocythe-
mia, culture supernatant of pancreatic cells of diabetic pa-
tients, and teratocarcinoma and breast cancer cell lines, and
these particles were reported to contain nucleic acid sequences
belonging to the HERV-K family (6–8, 40, 46, 47). Further-
more, weak RT activity was reported with an HERV-K ge-
nome expressed in a recombinant baculovirus system (51). We
set out to clone a functional HERV-K RT enzyme for further
biochemical analysis. To do so, we designed PCR primers to
amplify the full-length RT gene of members of the HML-2
subgroup, which was previously suggested to contain a signif-
icant number of isolates with an intact RT open reading frame
based on the sequence of a partial 600-bp RT fragment (53).
Furthermore, we observed a strong preference for synonymous
substitutions within the HERV-K RT open reading frames
(54). In this study, we cloned and sequenced six RT gene
fragments of approximately 1,800 bp, and all but one contained
a continuous open reading frame for RT protein. The
HERV-K RT enzymes were expressed as recombinant protein
in Escherichia coli, and we measured both RT and RNase H
activity for some of the clones. The biological pressure to
maintain the HERV-K coding capacity is further illustrated by
the sequence of individual RT clones, in which multiple inser-
tions and deletions were found within short RT segments,
apparently to restore the RT reading frame. Inspection of the
RT gene sequences revealed that the HERV-K elements have
a mosaic genome structure. This result indicates that these
elements were formed by a process that is recombination
prone, which is fully consistent with amplification by means of
reverse transcription. The putative role of the HERV-K RT
enzyme in the shaping of the human genome is discussed.

MATERIALS AND METHODS

Cloning and sequencing of full-length HERV-K RT genes. Two primer sets
were used to amplify HERV-K RT genes (Fig. 1). These primers were designed
on the basis of the prototype HERV-K10 sequence (36), which is a member of
the extensive HML-2 subgroup (53). The borders of the RT gene were estimated
by sequence alignment of the HERV-K10 sequence with those of RT genes of a

variety of exogenous retroviruses (results not shown; see also reference 12). A
large (1.8-kb) RT segment was amplified by primers RT-A (TCAGGATCCAA
ATCAAGAAAGAGAAGG) and RT-D (TCAGCGGCCGCTAAGCATGAAG
TTCTTGTGC). The second primer set amplifies a shorter RT segment of ap-
proximately 1.7 kb: RT-B (TCAGGATCCGTAGAGCCTCCTAAACCC) and
RT-C (TCAGCGGCCGCTAAGCATGAAGTTCTTGTGC). The sense and an-
tisense primers contain a BamHI and NotI restriction enzyme site, respectively
(underlined in the sequences). These sites are not present within the HERV-K10
RT gene, and they allow the in-frame fusion of the RT open reading frame with
that of the glutathione S-transferase (GST) protein in the pGEX-4T-1 vector
(Pharmacia Biotech). The antisense primers provide a UAG stop codon (marked
in bold in the antisense sequences).

Cellular RNA was isolated from bone marrow mononuclear cells and con-
verted into cDNA by reverse transcription with random hexamer primers and the
avian myeloblastosis virus (AMV) RT enzyme as described previously (53). The
bone marrow sample used in this study was from H6, a patient with common
acute lymphoblastic leukemia, and was taken for standard diagnostic tests. We
suggested previously that there is no gross difference in the number and types of
HERV-K elements expressed in normal and leukemic bone marrow (53). The
cDNA was subsequently PCR amplified with the RT-A plus RT-D and the RT-B
plus RT-C primer sets. The PCR was performed with 100 ml of PCR buffer (20
mM Tris-HCl [pH 8.3], 50 mM KCl, 2.5 mM MgCl2, 0.1 mg of bovine serum
albumin per ml) with 0.5 ml of AmpliTaq (5 U/ml; Perkin-Elmer), 200 ng of each
DNA primer, 1 ml of deoxynucleoside triphosphate mixture mM (100), and 1 ml
of input cDNA for 35 cycles (1 min at 95°C, 1 min at 55°C, 2 min at 72°C). The
PCR products were analyzed on Tris-borate-EDTA 1.5% agarose gels and re-
vealed fragments of the appropriate length of approximately 1.7 to 1.8 kb. The
remainder of the PCR products were concentrated by ethanol precipitation and
subsequently digested with BamHI and NotI. The fragments were purified over
an agarose gel, eluted, and ligated into the BamHI-NotI-digested pGEX-4T-1
vector. The ligation mixture was transformed into E. coli DH5a. Positive clones
were identified by restriction enzyme digestion and subsequent sequence analy-
sis.

The complete sequence of six HERV-K RT genes was analyzed on both
strands with multiple primers on a 373 automated sequencer (ABI) by using the
dye terminator cycle sequencing protocol. In addition to the RT-A through
RT-D primers, we used several internal sequencing primers. New primers in-
clude the sense DNA oligonucleotides RT-S1 (TTGTCAGACTTTTGTAGG)
and RT-S2 (GTTCCAGCAATGGAAAAG) and the antisense primers RT-
AS-1 (GCTTTTTTACCATCCCTC) and RT-AS-2 (CATTACCCACAAAACA
AAG). Figure 1 gives an overview of all primers used in this study and their
nucleotide positions on the HERV-K10 genome. HERV-K RT clone 10.1 was
used to introduce N- and C-terminal truncations. We used three 59 primers and
four 39 primers to PCR amplify part of the RT open reading frame. The 59
primers are RT-B (described above), RT-X1 (TCAGGATCCCAGTGGCCGC
TACCAAAA), and RT-X2 (TCAGGATCCATTGAGCCTTCATTCTCG), and
the 39 primers are RT-C (described above), RT-Y1 (TCAGCGGCCGCTATA
AATTGAATAGCTGGTT), RT-Y2 (TCAGCGGCCGCTAATCTTGTAACA

FIG. 1. Schematic of part of the HERV-K genome encompassing the RT and RNase H domains. This genome structure was originally proposed by Ono et al. for
the prototype HERV-K10 element (36), and all nucleotide numbers refer to positions in this genome. The protease gene is in the 11 reading frame compared with
RT and ends at stop codon 3915. Thus, a 21 frameshift is expected to occur in the upstream region to fuse the protease and RT reading frames. The integrase enzyme
(int) is in frame with the RT gene. The protease cleavage sites, which, by analogy to exogenous retroviruses, will determine the ends of the mature RT enzyme, are
not known. The RT primer sets RT-A plus RT-D and RT-B plus RT-C (black arrows) were used in this study to amplify full-length RT genes, and the RT-X1 plus
RT-X2 and RT-Y1 through RT-Y3 primers (black arrows) were used to construct N-terminal and C-terminal deletion variants of the RT enzyme (Fig. 7). The LPQG
plus YIDD and MOP2-59 plus MOP2-39 primer sets shown above the RT gene (grey arrows) have been used previously to amplify internal RT fragments (24, 33). The
sense primers S1 and S2 and the antisense primers AS1 and AS2 (open arrows) were used in this study for sequencing of the complete RT gene.
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CTGTAAT), and RT-Y3 (TCAGCGGCCGCTAAAATACTGTTAGAGCAT
T). Restriction enzyme sites and stop codons are marked as described above.
Because the new primers are based on the 10.1 sequence, they may differ from
the HERV-K10 sequence (e.g., at two positions in RT-X2). The resulting DNA
fragments were digested with BamHI and NotI, whose sites were encoded by the
59- and 39-primer sequence, respectively. The DNA fragments were cloned in
pGEX-4T1 as described above. The RT domain encoded by the different con-
structs is schematically depicted in Fig. 7A.

RT protein expression in E. coli and Western blot analysis. An overnight
culture of E. coli DH5a harboring one of the pGEX-4T-1 plasmids was diluted
1:10, and 100 ml was cultured for 2 h at 37°C in brain heart infusion broth.
GST-RT protein expression was induced with 100 ml of 0.1 M isopropyl-b-D-
thiogalactopyranoside (IPTG). The cells were collected by centrifugation after a
4-h IPTG induction and resuspended in 1.5 ml of NET-N buffer (100 mM NaCl,
1 mM EDTA, 20 mM Tris-HCl [pH 8.0], 0.5% Nonidet-P40). The lysate was
cleared by extensive sonication on ice (45-s pulse setting, 50% output microtip).
The cellular debris was removed by centrifugation. The GST-RT fusion protein
was allowed to bind to 25 ml of glutathione-agarose beads (Sigma; 1:1 suspension
in phosphate-buffered saline) at room temperature for 1 h. The beads were
collected by low-speed centrifugation, washed three times in phosphate-buffered
saline, and incubated for 10 min at room temperature in 25 ml of freshly made
elution buffer (10 mM glutathione in 50 mM Tris-HCl [pH 8.0]). This elution
step was repeated once, and the combined eluate was used either directly in RT
or RNase H assays or brought to 50% glycerol and stored at 270°C. We used 3
ml of this enzyme preparation in the RT assay and 0.1, 0.2, and 1.0 ml in the
RNase H assay.

Western blotting was performed with the purified GST-RT proteins. The
samples (5 ml of a HERV-K GST-RT preparation) were boiled in sodium
dodecyl sulfate (SDS) sample buffer, separated on an SDS–12.5% polyacryl-
amide gel, and electrophoretically transferred to Immobilon nitrocellulose. The
immunoblot was stained with a GST-specific monoclonal antibody (anti-GST;
Pierce) and developed by using the 5-bromo-4-chloro-3-indolylphosphate/ni-
troblue tetrazolium protocol (Sigma).

RT and RNase H assays. The purified GST-RT proteins were tested for RT
activity in a poly(rA)-oligo(dT) assay as described previously (2). In brief, reac-
tion mixtures contained 60 mM Tris (pH 7.8), 75 mM KCl, 5 mM MgCl2, 0.1%
Nonidet P-40, 1 mM EDTA, 5 mg of poly(rA)7000 per ml, 0.16 mg of oligo(dT)15
per ml, 4 mM dithiothreitol, and 50 mCi of [32P]dTTP per ml (3,000 Ci/mmol).
In a standard assay, we used 3 ml of the HERV-K GST-RT preparations and 1
ml of 1:30-diluted human immunodeficiency virus type 1 (HIV-1) GST-RT.
Samples were incubated at 37°C for 2 h. Duplicate 7.5-ml aliquots were taken
after 1 and 2 h and spotted onto DEAE ion-exchange paper (DE81; Whatman).
The filter paper was washed three times in 5% Na2HPO4 to remove unincorpo-
rated [32P]dTTP and dried after two 96% ethanol washes. The spots were
visualized by autoradiography and quantitated on a PhosphorImager (Molecular
Dynamics). The length distribution of the cDNA products was analyzed on a 6%
polyacrylamide–7.1 M urea sequencing gel.

The RNase H assay was performed with an internally labeled RNA molecule
that was made in vitro with the T7 RNA polymerase in the presence of
[a-32P]UTP. The transcript consists of the HIV-1 leader sequence and is fully
complementary to the CN1 DNA oligonucleotide. We mixed 2 ml of RNA

transcript (approximately 10 ng) and 0.5 ml of DNA oligonucleotide (50 ng) in 9
ml of RT buffer (50 mM Tris-HCl [pH 8.5], 8 mM MgCl2, 30 mM KCl, 1 mM
dithiothreitol) with 0.25 ml of RNasin (40 U/ml; Boehringer). The samples were
incubated for 1 h at 37°C upon addition of the GST-RT protein (0.1, 0.2, and 1.0
ml). The reaction was stopped by addition of 4 ml of formamide sample buffer.
The samples were heated at 100°C for 3 min and analyzed on a denaturing 6%
polyacrylamide–7.1 M urea gel.

Phylogenetic analyses of nucleic acid and amino acid sequences. Nucleotide
sequences were either analyzed with the Clustal program (PC gene software;
IntelliGenetics) or the PileUp program (GCG package). Both programs are
based on the method of Higgins and Sharp (16). Clustal permits the alignment
of multiple nucleic acid sequences in three steps: computation of pairwise sim-
ilarity scores, construction of a dendrogram, and subsequent alignment. Simi-
larly, PileUp creates a multiple sequence alignment of a group of related se-
quences by using progressive pairwise alignments. We used standard settings
(gap weight, 3.00; gap length weight, 0.10). The reference strains used in the
phylogenetic analysis have the following accession numbers: STPLU4 5 HML-1,
AF030038; N8.4 5 HML-2, U87590; P1.3 5 HML-3, AF030043; M3.10 5
HML-4, AF030046; N8.4 5 HML-2A, U87590; D1.2 5 HML-2B, U87595;
M3.5 5 HML-2C, U87592; P1.4 5 HML-2D (which is identical in the small RT
segment to HML2.5 of reference 33); M3.8 5 HML-2E, U87587; Stmin2 5
HML-2F (which is identical in the small RT segment to clone HML2.2 of
reference 33), and the prototype HERV-K10, M14123.

Nucleotide sequence accession numbers. The nucleotide sequence of six full-
length HERV-K RT genes presented in this study have been deposited in the
Genbank database under accession no. AF080229 (clone 10.1), AF080230 (clone
10.2), AF080231 (clone 10.9), AF080232 (clone 11.1), AF080233 (clone 11.2),
and AF080234 (clone 7.1).

RESULTS

Cloning of full-length HERV-K RT genes. Primers were
designed to amplify a complete RT gene on the basis of the
nucleotide sequence of the prototype HERV-K10 isolate, a
member of the extensive HML-2 subgroup. Because the exact
borders of the protease-RT and RT-integrase proteins are not
known (Fig. 1), we estimated the 59 and 39 ends of the HERV-
K10 RT coding information by alignment with the homologous
regions of several exogenous retroviruses (data not shown; see
also reference 12). The complete RT region is expected to be
amplified by the primer set RT-B plus RT-C, but we also
amplified a slightly larger RT fragment with the primer set
RT-A plus RT-D (Fig. 1). We restricted this search to the
HERV-K elements that are transcriptionally active, because
cellular RNA was used as starting material. Obviously, tran-
scriptionally inactive genomes may in principle also be candi-

FIG. 2. Phylogenetic analysis of the HERV-K RT genes. For this comparison with known HML representatives, we used the 600-bp internal RT fragment amplified
by the MOP-2 primer set (Fig. 1). Sequences were analyzed with the Clustal program (PC gene package). (A) The novel isolates described in this study are compared
with the prototype HERV-K10 and members of the HML-1 through HML-4 subgroups (33). We used the following reference strains: STPLU4 (HML-1), N8.4
(HML-2), P1.3 (HML-3), and M3.10 (HML-4). (B) The new sequences are compared with HERV-K10 and representative members of the HML-2 clusters A through
F (53). The following representative clones were used: N8.4 (HML-2A), D1.2 (HML-2B), M3.5 (HML-2C), P1.4 (HML-2D), M3.8 (HML-2E), and Stmin2 (HML-2F).
This analysis unequivocally places all new HERV-K sequences and the HERV-K10 isolate in the HML-2A subgroup.
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dates for intact RT genes, but we focused on expressed
HERV-K copies because they are more likely to exhibit a
biological function. Total RNA was isolated from human bone
marrow cells that were demonstrated previously to express
numerous members of the HML-2 subgroup of HERV-K ele-
ments (53). The RNA was converted into cDNA with random
primers. This cDNA was subsequently used for PCR amplifi-
cation with the two HERV-K10-specific primer sets. Frag-
ments of the expected length were produced by both primer
sets and were cloned into the E. coli expression vector pGEX-
4T-1. The upstream primers RT-A and RT-B were designed to
fuse the RT gene in-frame with the GST gene, thus allowing
the production of GST-RT fusion proteins. The downstream
primers provided a stop codon to terminate translation.

We first analyzed the complete nucleotide sequence of three
RT genes obtained with the outer primers (clones 10.1, 10.2,
and 10.9), and three inserts obtained with the inner primer set

(clones 7.1, 11.1, and 11.2). All six HERV-K isolates were
different from one another. We previously estimated that on
average one mutation is generated by the RT-PCR protocol
for a 1,700-bp RT fragment (53). Thus, clones differing by at
least two nucleotides are thought to represent unique isolates.
Strikingly, the new sequences were also different from any of
the previously reported HERV-K members, indicating that
this family may be more extended than was previously esti-
mated. All new sequences showed the highest similarity score
to the HERV-K10 sequence, which may not be surprising,
because the PCR primers were based on this isolate. The
similarity ranged from 93% (clone 10.2), to 95% (clone 10.9)
and up to 98% for all other clones. It is likely that even the
most similar sequences represent unique HERV-K clones. For
instance, clone 10.1 differs from HERV-K10 at 31 nucleotide
positions within the RT gene. The sequences were analyzed to
determine the positions of the new isolates in the current

FIG. 3. Alignment of the HERV-K RT amino acid sequences. The prototype HERV-K10 is shown at the top. Dashes indicate amino acids that are identical to this
prototype. Gaps are indicated by dots. The in-frame stop codon at position 5528 in clone 10.2 is marked by an asterisk. The conserved LPQG and YIDD motifs are
in boldface type. Numbers refer to the first nucleotide of the respective codons in the HERV-K10 nucleotide sequence. The nucleotide sequences of the hypermutated
segments of clone 10.2 (starting at position 5192) and clone 10.1 (position 5240) are shown in detail in Fig. 11. The prototype HERV-K10 sequence is unique at certain
positions, which may explain the inactivity of the corresponding RT enzyme (see the text for further details).
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HERV-K phylogeny. All six RT clones belong to the HML-2
subgroup (Fig. 2A). A more detailed comparison with mem-
bers of the different clusters within the HML-2 subgroup (53)
revealed that all new RT sequences belong to the HML-2A
cluster (Fig. 2B). Thus, the six HERV-K RT genes represent
unique but closely related members of the HML-2A cluster, of
which HERV-K10 is the prototype member. The result of this
specific PCR suggests that the HML-2A cluster contains many
more members than was previously anticipated and that many
sequences are closely related to the prototype HERV-K10
isolate.

The translated RT amino acid sequences are shown in Fig. 3.
Some of the conserved RT motifs are marked, for instance the
well-conserved LPQG motif and the catalytically important
YIDD motif that were previously used to design RT-specific
primers (see, e.g., Fig. 1). Five of the six HERV-K RT genes
were uninterrupted, testifying to the apparent conservation of
the RT open reading frame in this HERV-K subgroup. A
premature stop codon was present in clone 10.2 near the C
terminus of the RT protein (Fig. 3). Obviously, it cannot be
excluded that the single nucleotide change that creates this
in-frame stop codon was generated during the RT-PCR pro-
cedure. With five potentially complete HERV-K RT genes in
hand, we set out to express these enzymes as recombinant
protein in E. coli to test for their activity in polymerase assays.

Several HERV-K RT enzymes exhibit RT activity. The
HERV-K RT enzymes were expressed as GST fusion proteins
in E. coli and purified in a single step with glutathione-agarose
beads by a standard procedure (48). As controls, we expressed
and purified the 30-kDa GST domain and an enzymatically
active GST-RT fusion of HIV-1 (37). Although reasonable
amounts of the GST-RT fusion proteins were expressed in this
system (data not shown), the bulk of the HERV-K proteins
could not be extracted in soluble form, indicating that this
fusion protein is prone to aggregation or formation of inclu-
sion bodies. Similar but less severe insolubility problems were
encountered for the HIV-1 GST-RT fusion protein. We failed
to significantly optimize the yield of the HERV-K fusion pro-
teins by adaptation of the culture and/or extraction protocol
(e.g., shorter IPTG induction period, reduced culture temper-
ature, addition of detergents during extraction). The results of
a typical experiment are presented in Fig. 4. E. coli cultures
(100 ml) were used to prepare a 50-ml stock solution of purified
GST-RT protein, of which 5 ml was analyzed by Western blot-
ting and stained with an anti-GST monoclonal antibody.
Whereas the control GST protein could be isolated in bulk
amounts (Fig. 4, lane 3) and a reasonable yield was obtained
for the HIV-1 GST-RT fusion (lane 2), dramatically low yields
were apparent for the HERV-K GST-RT fusion proteins
(lanes 4 to 9). The minor differences in migration of the indi-
vidual HERV-K proteins on the SDS-gel are consistent with
the length of the cloned RT fragments (primer set RT-A plus
RT-D versus primer set RT-B plus RT-C) and the presence of
a premature stop codon in clone 10.2. Besides a poor yield, we
also observed significant degradation of the GST-RT fusion
proteins. In particular, these proteins seem vulnerable to pro-
teolytic cleavage near the junction of the GST and RT domains
(near the thrombin site encoded by the pGEX-4T-1 vector).
This proteolytic activity generates an approximately 30-kDa
GST domain, and it is likely that a separate RT domain is also
produced, but only the former protein could be visualized with
the GST-specific antiserum.

The purified GST-RT proteins were assayed for RT activity
by measuring dTTP incorporation on a poly(rA)-oligo(dT)
template-primer duplex. The reaction mixture was incubated
at 37°C, and duplicate samples were taken after 1 and 2 h. The

background activity obtained with the GST control sample was
subtracted from the incorporation measured for the HERV-K
GST-RT enzymes. The mean value of the 2-h samples is plot-
ted in Fig. 5A, but similar results were measured for the 1-h
samples. Two clones with a large (1.8-kb) RT insert (clones
10.1 and 10.9) and one clone with a short (1.7-kb) RT insert
(clone 7.1) demonstrated significant polymerase activity (Fig.
5A). Three HERV-K RT clones were inactive (clones 10.2,
11.1, and 11.2) and thus provide additional negative controls.
As a positive control, we included the RT enzyme of AMV.
Inspection of the amino acid sequences (Fig. 3) provides some
putative explanations for the apparent inactivity of some
HERV-K RT proteins. For instance, the RT enzyme of clone
11.2 is likely to be inactive due to mutation of the catalytically
important YIDD motif into CIDD, and clone 10.2 may be
inactive due to the presence of the premature stop codon. The
prototype HERV-K10 RT protein is enzymatically inactive
(25), which may be related to the presence of a unique RM-
to-HT amino acid substitution in the N-terminal domain of this
RT enzyme (Fig. 3).

We next tested several characteristics of the HERV-K RT
enzyme. First, we compared dTTP incorporation on RNA and
DNA templates [Fig. 5B, poly(rA) and poly(dA)]. The
HERV-K enzymes were two- to threefold more active on the
RNA template. This pattern is consistent with the behavior of
the AMV RT enzyme but differs from that of the HIV-1 RT
enzyme, which is equally active on these two templates. A
standard RT assay was performed in the presence of 5 mM
MgCl2, but some retroviral RT enzymes are known to be active
in the presence of Mn21 as the divalent cation. However, none
of the HERV-K enzymes demonstrated polymerase activity in
buffers containing Mn21 (not shown). The dose-response
curve for Mg21 is illustrated in Fig. 5C and demonstrates an
absolute requirement for this cation. The temperature opti-
mum of the HERV-K RT enzyme was 30 to 37°C (Fig. 5D). A
kinetic analysis of this reverse transcription reaction is pre-
sented in Fig. 6 (right), indicating that the HERV-K RT en-
zyme is relatively stable for up to 4 h at 37°C. A characteristic

FIG. 4. Western blot analysis of the HERV-K GST-RT proteins. The type of
HERV-K GST-RT protein that is expressed is indicated at the top (lanes 4 to 9).
As a positive control, we expressed the HIV-1 GST-RT protein (lane 2). The
control pGEX-4T-1 vector produces a large amount of soluble GST protein (lane
3). Lane 1 contains marker proteins (the molecular mass in kilodaltons is indi-
cated on the left). The positions of the 30-kDa GST protein and the approxi-
mately 95-kDa GST-RT protein are indicated on the right. The SDS–12.5%
polyacrylamide gel was electroblotted and stained with an anti-GST monoclonal
antibody.
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of retroviral RT enzymes is their poor processivity, which
means that short cDNAs are produced in a single cycle of
polymerization. To test this, we analyzed some of the cDNA
samples on a denaturing gel (Fig. 6, left). Indeed, only short
cDNAs (less than 20 to 30 nucleotides [nt]) were synthesized
by the RT enzymes of HERV-K (lanes 1 to 3), HIV-1 (lane 5),
and AMV (lane 6). The initial biochemical characterization of
this enzyme indicates that it is very similar to that of contem-
porary exogenous retroviruses. The specific activity of the
HERV-K enzyme appears to be rather low, which is consistent
with a previous report on the baculovirus-produced enzyme
(51). On the basis of GST fusion protein concentrations as
determined by Western blotting (Fig. 4), we estimate that the
HERV-K enzyme of clone 10.1 exhibits only 5% of the poly-
merase activity of the HIV-1 enzyme.

It is possible that the naturally processed HERV-K RT en-
zyme, whose N and C termini are not known, is a more active
RT enzyme than is the GST-RT protein used in this study. We
performed several additional experiments to test this. It is
possible that the RT domain is relatively inactive due to the
N-terminal GST extension. For instance, such a detrimental
effect has been reported in one study with the HIV-1 RT
enzyme (17), although it could not be confirmed in another

study (37). Another RT enzyme of the human T-cell leukemia
virus type 1 retrovirus was also demonstrated to be active in the
presence of a N-terminal extension (39). We measured no
increase in HERV-K RT activity upon removal of the N-
terminal GST domain in clone 10.1 by thrombin digestion
(data not shown). To test RT forms with different N and C
termini, we constructed a nested set of deletion mutants of RT
clone 10.1 (illustrated in Fig. 7A). All truncated RT variants
were expressed in E. coli at an extremely low level (Fig. 7B). A
somewhat improved recovery was apparent for the C-termi-
nally truncated RT forms (Fig. 7B, lanes 6 to 9), which may
indicate increased protein stability and/or solubility. However,
no increased RT activity was measured for these mutants. A
modest increase in RT activity was measured upon deletion of
36 N-terminal amino acids, but no further increase in RT
activity was measured upon removal of additional amino acids.

The HERV-K RT enzyme has a functional RNase H domain.
Retroviral RT enzymes contain an RNase H domain that de-
grades the template RNA after it is copied by the polymerase
domain. This activity is thought to be essential in the intricate
process of reverse transcription (50). The HERV-K10 genome
has the potential to encode a C-terminal RT domain with
similarity to RNase H (12, 36). Although the exact borders of

FIG. 5. Enzyme characteristics of the HERV-K RT polymerase. (A) Activity of the different HERV-K RT enzymes in a regular poly(rA)-oligo(dT) assay. Duplicate
samples were taken after 1 and 2 h at 37°C. The activity was quantitated with a PhosphorImager, and background values obtained with the control GST protein were
subtracted. In these RT assays, less than 20% variation was measured between the duplicate samples. The results of the 2-h incubation are shown, but similar results
were obtained for the 1-h samples. The AMV RT enzyme (Boehringer; 1 ml of a 1-U/ml stock) was used as a positive control. (B) dTTP incorporation onto an oligo(dT)
primer annealed to either an RNA or DNA template; poly(rA) versus poly(dA). The HERV-K enzymes 7.1, 10.1, and 10.9 were compared with HIV-1 GST-RT and
AMV RT. (C and D) Magnesium cation and temperature dependency of the HERV-K RT enzyme of clone 10.1. This assay was performed with the poly(rA)-oligo(dT)
template primer at 37°C (C) and 5 mM MgCl2 (D).
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this putative RNase H gene are not known, this domain was
included in the PCR strategy (Fig. 1). We therefore analyzed
the RNase H activity of the HERV-K GST-RT proteins of
clones 7.1 and 10.1, which represent the short and long ver-
sions of the biologically active polymerase, respectively. This
assay was performed with an internally labeled RNA transcript
to which a complementary DNA oligonucleotide was annealed
(schematic in Fig. 8). Treatment of this RNA-DNA duplex
with the commercially available RNase H of E. coli yielded two
RNA fragments of 139 and 176 nt (Fig. 8, lane 1). Such activity
was not observed with the control GST sample (lanes 2 to 4),
and efficient cleavage was obtained for the HIV-1 GST-RT
protein (lanes 5 to 7). Most importantly, we measured low
RNase H activity for the HERV-K RT enzyme of clone 10.1
(lanes 11 to 13). No RNase H activity was demonstrable for the
RT enzyme of clone 7.1 (lanes 8 to 10), which may be related
to the absence of C-terminal amino acids in this clone (Fig. 3).
The RNase H activity measured for the HERV-K GST-RT
enzyme of clone 10.1 is much lower than that of the HIV-1
GST-RT enzyme. These combined results indicate that this
endogenous RT enzyme exhibits low polymerase and RNase H
activities.

The HERV-K RT gene has a mosaic genome structure due to
frequent recombination. In the course of this study, we noticed
that phylogenies for the HERV-K sequences differed signifi-
cantly for the 59 and 39 parts of the RT gene (Fig. 9B and C,
respectively; analysis of the complete RT gene is shown in Fig.
9A). The finding of discordant branching orders in the two
topologies based on 59 and 39 sequences prompted us to in-
spect the actual gene sequences for signs of recombination.
Indeed, the nucleotide sequence of the HERV-K genes sug-
gested the presence of multiple crossovers. To analyze this
genetic recombination pattern in a more systematic manner,
we divided the 1.8-kb RT gene into 15 arbitrary segments

around nucleotide positions that differed among the six new
HERV-K isolates. Only the substitutions present in at least
two isolates were included, thereby filtering out mutations that
may have been introduced fortuitously during RT-PCR ampli-
fication. These informative nucleotide positions are shown at
the top of Fig. 10 (e.g., position 4060, which is C in isolates
10.9, 10.2, and HERV-K10 but T in the other four isolates),
and we subsequently marked the RT segments in an arbitrary
manner (see the legend to Fig. 10). This analysis was per-
formed for all 15 RT segments, and neighboring segments
were marked so that genetic linkages were optimal. The pat-
tern shown in Fig. 10 indicates a mosaic gene structure, sug-
gesting that these sequences were the subject of multiple re-
combination events. Such mosaic genomes are likely to have
been formed during reverse transcription, which is known to be
a recombination-prone process (50).

DISCUSSION

We describe the identification of a functional RT enzyme
encoded by endogenous retroviruses of the abundant
HERV-K family that are integrated at multiple loci of the
human genome. Such RT polymerase activity may have been
instrumental in the evolution of the human genome, for in-
stance in the formation of pseudogenes. Several candidate
sources of RT activity in human cells have been reported
previously. In addition to both exogenous and endogenous
retroviral RTs, at least one “cellular” form of RT is the telom-
erase enzyme, an unusual DNA polymerase with an internal
RNA template that encodes a repeat sequence, which is added
to the 39 end of chromosomes (4). However, telomerase is not
active on exogenous templates and is therefore unlikely to have
the properties required for pseudogene formation. There is
convincing evidence that infection of cells with exogenous ret-

FIG. 6. Kinetics of reverse transcription and processivity the HERV-K RT enzyme. (Left) HERV-K RT samples of clones 7.1, 10.1, and 10.9 were used in the
standard poly(rA)-oligo(dT) assay, and the length of the cDNA products of the HERV-K RT enzymes was analyzed on a denaturing sequencing gel (lanes 1 to 3) and
compared with the products of the HIV-1 and AMV RT enzymes (lanes 5 and 6). The GST protein was used as negative control (lane 4). (Right) Standard RT assay
with clones 7.1, 10.1, and 10.9. Samples were analyzed for dTTP incorporation at several times up to 4 h. The background values obtained for the GST control protein
were subtracted.
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roviruses can result in the formation of pseudogenes, although
such cDNAs have unusual features compared with naturally
occurring pseudogenes (10, 13, 23). Therefore, the focus has
been primarily on endogenous sources of RT activity.

Our results indicate that several members of the extensive
HERV-K endogenous retrovirus family may have provided this
RT activity. The HERV-K virus family has been suggested
previously to encode an active RT enzyme, because polymer-
ase activity was measured in a variety of biological samples that
contain HERV-K-like virion particles (6, 8, 40, 46, 47). Endog-
enous RT activity has been demonstrated experimentally in
mammalian cells through de novo formation of pseudogene-
like structures (27, 49). By using a newly developed in vivo
assay, it was demonstrated recently that overexpression of the
human endogenous LINE (L1) element yields RT activity that
is able to generate reverse transcripts (11). It seems possible
that both the HERV-K and LINE RT enzymes have played a
role in shaping the human genome during evolution. An argu-
ment against the involvement of the HERV-K RT enzyme in
pseudogene formation is that the RT enzymes of retroviruses
prime reverse transcription in a highly specific manner, with
regard to both the type of tRNA primer and the template RNA
(9, 18, 22, 29, 38, 50). Although no details are currently avail-
able on the priming specificity of the HERV-K RT enzyme, it

is unlikely that this endogenous retrovirus will be significantly
different in this respect from the exogenous counterparts. For
instance, the HERV-K RT enzyme is likely to use a specific
tRNALys primer because of the presence of a fully comple-
mentary primer-binding site in the HERV-K genome (36). The
activity of the LINE RT enzyme exhibits no template specific-
ity. This seems the appropriate characteristic for an enzyme
involved in the copying of random cellular transcripts (11),
although there is also some evidence that particular cellular
transcripts are more prone to pseudogene formation than oth-
ers (41). Additional experimentation is required to establish
the involvement of the HERV-K and/or LINE RT enzyme in
pseudogene formation.

We and others previously found that purifying or negative
selection seems to operate on the HERV-K genomes. At least
in some of the subgroups, there is a remarkable conservation
of the open reading frames (53, 55), and this result was con-
firmed in the present study for the HML-2 RT genes. Further-
more, of the mutations that are present, a strong prevalence of
synonymous nucleotide substitutions was noted (54). The bio-
logical significance of this retrovirus family is substantiated

FIG. 7. Deletion mapping of the HERV-K RT domain. (A) The HERV-K
RT gene of clone 10.1, which expresses a relatively active RT enzyme, was used
as the starting material for the generation of a nested set of 59- and 39-truncated
RT proteins. Indicated are the amino acid positions, with those of clone 10.1
being arbitrarily set at 1 to 595. The position of the YIDD motif within the
catalytic core (positions 192 to 195) and the putative position of the RT-RNase
H border are indicated. (B) The different RT enzymes were expressed in E. coli
as GST fusion proteins and visualized by Western blotting with the GST-specific
antiserum. See Fig. 4 for further details. Note that a different protein marker was
used in lane 1. This set of RT proteins was tested in the poly(rA)-oligo(dT) assay
for enzyme activity. The relative RT activity is listed in panel A, with the activity
of the “full-length” RT clone 10.1 being arbitrarily set at 1.0.

FIG. 8. The HERV-K RT enzyme has RNase H activity. A schematic of the
RNase H assay is indicated at the top of the figure. Cleavage of the internally
labeled 344-nt RNA transcript at the site of the annealed DNA oligonucleotide
will produce a 59-terminal fragment of 176 nt and a 39-terminal fragment of 139
nt. The positions of these signals are indicated in the lower panel, which shows
an analysis of the RNA cleavage products on a denaturing sequencing gel. The
mock-treated RNA is shown in lane 14. We tested increasing amounts (0.1, 0.2,
and 1.0 ml) of the GST control (lanes 2 to 4), the HIV-1 GST-RT enzyme (lanes
5 to 7), and the HERV-K 7.1 and 10.1 enzymes (lanes 8 to 10 and 11 to 13,
respectively). As a positive control, we used the E. coli RNase H enzyme (Boeh-
ringer; 1 ml of 1-U/ml stock) (lane 1).
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further by the finding that multiple members are transcription-
ally active. This also holds for the active RT species identified
in this study, which were cloned by an RT-PCR strategy with
cellular RNA as input. The cloning of several full-length
HERV-K RT sequences allowed us to readdress some of the
issues concerning the apparent conservation of these genes.
Most strikingly, we noticed that some HERV-K elements have
preserved their RT-encoding capacity despite the presence of
deletions and/or substitutions that destroy the reading frame.
Alignment of the RT sequence of clone 10.2 with that of
HERV-K10 (Fig. 11A) indicates that three 1-nt deletions are
present that are unique for this clone. Whereas any of the
individual mutations would cause a frameshift during transla-
tion of the RT protein, the combination of all three mutations
restores the reading frame and allows the expression of full-
length RT with a mutant 8-amino-acid stretch (underlined in

Fig. 11A). A somewhat similar situation is seen in clone 10.1,
where a 2-nt insertion is combined with a 1-nt insertion to
restore the RT reading frame, so that only 3 amino acids are
read out of frame (Fig. 11B). In general, the identification of
an enzymatically active HERV-K RT enzyme may help define
new experiments to test the possible biological function of
HERV-K elements in the host genomes and their contribution
to disease induction. Perhaps most intriguing is the observation
that HERV-K virus expression is induced in the pancreatic
islets of diabetes type 1 patients (8), and it was suggested that
the viral Env protein exhibits superantigen activity that may
trigger this autoimmune disease. However, several recent re-
ports put some of these results into question (21, 26, 35).

The polymerase and RNase H activities measured with the
recombinant HERV-K GST-RT proteins were very low com-
pared with those of the HIV-1 GST-RT protein. This may

FIG. 9. The 59 and 39 domains of the HERV-K genes produce a different phylogeny. A phylogenetic analysis was performed by the Pileup program (GCG package).
The distance along the vertical axis is proportional to the difference between sequences; the distance along the horizontal axis has no significance. We analyzed either
the complete RT genes (positions 3929 to 5633) (A), the 59 domains (positions 4134 to 4313) (B), or the 39 domains (positions 5337 to 5633) (C). Several similarities
are apparent; e.g., clone 10.2 is at the origin of all three trees, but some notable differences in the branching orders of the trees were observed.

FIG. 10. Schematic of the mosaic structure of the HERV-K RT gene. The HERV-K RT genes were split in segments around the nucleotides that differ among the
isolates. We excluded mutations that were present in a single isolate, thus filtering out potential sequence errors introduced in the RT-PCR amplification protocol. The
informative nucleotide positions are indicated at the top. These segments were arbitrarily marked grey or white (e.g., segment 4060 C is white, segment 4060 T is grey).
We optimized the genetic linkages, starting at the 39 end, which may explain the absence of crossover sites in the extreme 39 RT domain (positions 5353 to 5615).
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reflect the real biological activity of these endogenous RT
enzymes. On the other hand, we analyzed only six RT enzymes
of viruses that belong to the HML-2 subgroup, and it is pos-
sible that more active RT forms are encoded by other
HERV-K elements, for instance in cell types other than the
bone marrow cells used in this study. Furthermore, it cannot be
excluded that this enzyme requires unique reaction conditions
for optimal activity. The initial biochemical analyses suggest
that the endogenous RT enzyme is not much different from
that of exogenously replicating retroviruses like AMV or
HIV-1. For instance, HERV-K enzyme has a marked prefer-
ence for Mg21 over Mn21, which is not surprising because all
retroviral RTs, excluding those from mammalian type C ret-
roviruses, display such a preference. Nevertheless, this prop-
erty should not be used to classify these viruses, because alter-
ation of a single amino acid in the HIV-1 RT enzyme can result
in a loss of the Mg21 preference (42). It is possible that the
GST-RT constructs are not optimally active because a subop-
timal N- or C-terminus was chosen in our cloning strategy. To
verify this, we constructed a nested set of N- and C-terminally
truncated RT forms of clone 10.1. Although some increase in
RT activity was measured for the 59-shortened RT forms, no
major increase in activity was obtained. We have also tested
whether removal of the N-terminal GST domain did improve
the polymerase properties, but we found no such effect. We did
notice some spontaneous cleavage of the GST-RT proteins at
the fusion site, suggesting that part of the RT protein may have
been present in a GST-free form. It should also be mentioned
that only a small inhibitory effect of the N-terminal GST ex-
tension was measured in the context of the HIV-1 RT enzyme
(37) and the human T-cell leukemia virus type 1 RT enzyme
(39).

Inspection of the HERV-K genomic sequences of different
HERV-K family members revealed a high level of intergenic
recombination. Initially, we noticed the lack of congruence in
the topologies of phylogenetic trees constructed for different
parts of the RT gene, which suggested the prevalence of re-
combination. This was verified by inspection of the nucleotide
sequences. This result suggests that genetic recombination, a
property of the RT enzyme that is observed regularly for con-
temporary viruses like HIV-1 (19, 43), is a characteristic of all

retroviruses. Obviously, our results do not tell us when this
recombination occurred. Recombination could have occurred
many million years ago, during the exogenous life cycle of
HERV-K precursor viruses. Alternatively, recombination may
have occurred during the spread of endogenous HERV-K cop-
ies by intracellular retrotransposition. Further experimenta-
tion is required to provide more detailed information on the
structure and function of the HERV-K RT enzyme. For in-
stance, it will be of interest to test whether this “ancient” RT
enzyme forms a dimeric complex, such as is seen for most
contemporary RT enzymes (50).
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